Questions: Restoration of grassy biomes is currently of large importance, and controlling invasive grasses is often key to restoring these ecosystems in the tropics and subtropics. We combined different ecological restoration techniques to evaluate potential to control the invasive grass Urochloa decumbens and restore plant species composition. Specific questions were: (a) are herbicide application and topsoil removal efficient to control U. decumbens cover and allow native species establishment; and (b) are hay transfer and sowing native grass species efficient to reintroduce native species and increase their cover?
| INTRODUC TI ON
Grasslands and savannas around the world are strongly impacted by habitat conversion and by invasive species, with effects on biodiversity and ecosystem services (Gibson, 2009; MEA, 2005) . Hence, restoration of these ecosystems is important to ensure biodiversity conservation, ecosystem functioning and ecosystem services (Clewell & Aronson, 2006; Funk, Cleland, Suding, & Zavaleta, 2008; Gibson, 2009; ONU, 2010) . Land degradation and presence of invasive species are two closely related issues, and the presence of invasive species is one of the major challenges in ecological restoration projects (D'Antonio & Meyerson, 2002; Funk et al., 2008) .
Therefore, invasive species control is a priority in execution of many restoration projects (D'Antonio & Meyerson, 2002) . Invasive grasses generally present advantages over native species that allow their spread, such as higher germination potential and fast seedling growth (Baruch & Bilbao, 1999) , as well as attributes for an efficient resource use (Baruch & Bilbao, 1999; D'Antonio & Vitousek, 1992; Williams & Baruch, 2000) . Consequently, it is necessary to improve ecological restoration techniques to simultaneously control exotic species and favour recovery of native species cover.
Experiences in restoration of grasslands come primarily from temperate grasslands of Europe and North America (Stradic, Buisson, & Fernandes, 2013) . For control of invasive species, physical, chemical or biological techniques can be used (Holt, 2009) , and species reintroduction normally is performed by sowing, topsoil transfer, turf transplant and hay transfer (Kiehl, Kirmer, Donath, Rasran, & Hötzel, 2010; Packard & Ross, 2005; Török, Vida, Deák, Lengyel, & Tóthméresz, 2011) . However, experiences that evaluate these techniques are still scarce for tropical and subtropical grasslands, such as the South Brazilian Campos grasslands (Overbeck & Müller, 2017; Overbeck et al., 2013; .
South Brazilian Campos are old-growth grasslands sensu Veldman et al. (2015) , with high herbaceous plant diversity. Due to the geographic position between temperate and tropical regions, C 3 and C 4 grasses co-exist in this system .
Despite their inestimable ecological and cultural values and the high potential for livestock production (Valls, Boldrini, LonghiWagner, & Miotto, 2009) , about 60% of the original area of Campos have been converted, mainly to agricultural land and exotic tree plantings (Andrade et al., 2015) . In the remaining grasslands, invasive species are a major problem, although few quantitative studies exist (e.g. Dresseno, Guido, Balogianni, & Overbeck, 2018; Guido, Vélez-Martin, Overbeck, & Pillar, 2016) . Among the most problematic species are the tropical African C 4 grasses Eragrostis plana, U. decumbens and Melinis minutiflora (Brand, 2005; Guido et al., 2016; SEMA, 2013) . Eragrostis plana is a caespitose species, while the other two have erect habit, but can also spread horizontally through stolons.
The aim of this study was to evaluate different restoration techniques to restore plant species composition in an area invaded by U. decumbens in Campos grassland in southern Brazil, during the first 2 years of the intervention. The techniques here tested are commonly and successfully employed in temperate grasslands. We aimed to answer two specific questions: (a) are herbicide application and topsoil removal efficient to control U. decumbens cover and to allow native species establishment; and (b) are hay transfer and sowing of native grass species sufficient to reintroduce native species for grassland plant recover?
| ME THODS

| Study area
Our experiment was carried out on Morro Santana hill, Porto Alegre, Brazil (30°3′58.27″S, 51°7′46.82″W, 170 m a.s.l.). Climate is subtropical humid (Cfa type, Köppen classification), with annual mean temperature of 19.5°C, hot summer (24.2°C) and cold winter (15.5°C) with occasional frosts (Inmet, 2016) . Annual mean precipitation is 1,350 mm (Inmet, 2016) , without a marked dry period. The natural vegetation on Morro Santana hill is a mosaic of grasslands and forests, since the area is located at the transition between Pampa and Atlantic Forest ecosystems. Grasslands, developed over granitic rock, are species-rich, with 430 plants species identified in an area of 220 ha (Overbeck, Müller, Pillar, & Pfadenhauer, 2005) , and are dominated by tussock grasses, as they are not managed by grazing but are under a regime of recurrent fires Overbeck et al., 2005) .
The study site, an area of approx. 14.5 ha, had been used for farming and livestock grazing probably from the 17th or 18th century, but these activities ceased about three decades ago; exact land-use history is unknown (Fidelis, Blanco, Müller, Pillar, & Pfadenhauer, 2012) . Today, the area is abandoned and invaded by U. decumbens. Anthropogenic fires occur at intervals of 1 or 2 years.
The last fire had occurred 2 months before the implementation of our experiment.
| Experimental design
We established eight blocks of 9 m × 9 m, subdivided in nine plots of 3 m × 3 m (9 m 2 plots), for a two-factorial experiment. Factor 1 was "Invader Control" and factor 2, "Species Reintroduction" (see schematic drawing of the experimental design in Supporting Information Appendix S1). Before implementation of the experiments, all blocks THOMAS eT Al.
were mowed with a brush cutter and biomass was removed to facilitate treatment application. We assessed vegetation responses to the treatments using the following variables: U. decumbens cover, native species cover (all native species cover summed), exotic species cover (all exotic species cover summed, except for the invader U. decumbens), total plant cover (summed cover of all species) and native species richness (native species number), always considering the total area of the three quadrats (i.e. 0.75 m 2 ).
| Monitoring of vegetation development
| Data analyses
Analyses of variance (ANOVA) with permutation tests were performed to assess the effects of treatments and the potential interaction of factors on the vegetation variables (U. decumbens cover, native cover, exotic cover, total plant cover, native species richness) using values of 2016 and 2017 separately. We also conducted
ANOVAs to assess differences in vegetation between the two survey years (2016 and 2017) to evaluate vegetation development over time. We used the full composition matrix at 2017 (species per plot)
to test for differences in species composition across treatments with a MANOVA, using chord distance. All ANOVAs and the MANOVA considered the block level, both factors ('Invader Control' and 'Species Reintroduction') and interaction between factors, and were run with 10,000 iterations in randomization procedures. We also evaluated relations between U. decumbens cover and native species richness and native species cover through simple linear regression, using 2017 data. Ordinations with PCoA were applied to the 2017 species composition matrix (with and without U. decumbens cover data) using chord distance as resemblance measure with the 2017 species composition matrix. Bootstrap resampling (Pillar, 1999) tested the stability of ordination axes with 1,000 iterations.
Analyses were made using the vegan package in the R platform (R Foundation for Statistical Computing, Vienna, Austria) and Multiv (available at http://ecoqua.ecologia.ufrgs.br/software.html).
| RE SULTS
In Meanwhile, exotic species cover and native species cover did not differ between the 2 years (p > 0.05, respectively).
Plant cover was lower in the herbicide and topsoil removal treatments -which did not differ -than in the control treatment (Table 1 ).
This was due to the successful reduction of the invasive grass, which
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was more effective in the herbicide treatment, but also successful in the topsoil removal treatment. Neither species reintroduction nor the interaction between the two factors had any effect on plant cover (p > 0.05). As U. decumbens had a larger proportion of plant cover, results of invasive species cover were similar to those of total plant cover. However, under herbicide treatment, its cover was even smaller than after topsoil removal (Table 1) Only herbicide application had a positive effect on native species richness, while topsoil removal did not differ neither from herbicide or control treatments (Table 1) . Again, species reintroduction and the interaction between the two factors had no effect on native species richness (p > 0.05). Decreased U. decumbens cover led to increased native species cover ( Figure 1a ) and native species richness (Figure 1b ). 
| D ISCUSS I ON
Herbicide application and topsoil removal were efficient in substantially reducing cover of the invasive grass U. decumbens at our experimental site. Both treatments thus appear as options to control this invasive grass and to start the restoration process. Even though native species cover and native species richness did not differ between the two treatments, herbicide application resulted in lower U. decumbens cover, which in turn leads to higher native species cover and native species richness. Therefore, under the studied conditions, herbicide application appeared to be an efficient first management action -and more effective than topsoil removal -to control of U. decumbens and allow the establishment of native species.
Herbicides can be a useful tool to reduce cover of invasive grasses in grassland ecosystems (Barnes, 2004) ; however, their use is controversial. Several studies show that repeated herbicide applications are needed to reduce invasive grasses cover in temperate (Adams & Galatowitsch, 2006; Bakker et al., 2003; Stover, Naeth, & Wilkinson, 2017) and tropical (Machado et al., 2012) grasslands, and it is not clear if native species can recover the land after largescale herbicide application (Rinella, Maxwell, Fay, Weaver, & Sheley, 2009 ). Moreover, repeated herbicide applications may negatively impact seed banks of native species (Rodriguez & Jacobo, 2013) , and may make some native species rare and susceptible to local extinctions (Rinella et al., 2009) . Besides the reduction of invasive grasses, herbicide applications can allow a significant increase in non-native forbs (Adkins & Barnes, 2013; Stover et al., 2017) . Moreover, glyphosate residues in soil might be taken up through roots, injuring the existing plants (Cornish & Burgin, 2005) .
The considerable reduction of U. decumbens cover on topsoil removal plots show that the largest portion of its rhizomes and seeds are present within the first few centimeters of soil (around 5 cm).
However, topsoil removal may also remove bud and seed banks of native species (Fidelis, Appezzato-da-Glória, Pillar, & Pfadenhauer, 2014; Vieira, Bonilha, Boldrini, & Overbeck, 2015) . Moreover, topsoil removal, in our case by manual removal, can be very costly and timeconsuming. Here, working in experimental plots, it was possible to do remove topsoil in a few days; however, application over larger areas may not be viable. in 2017 that likely facilitated the recovery of this African C 4 grass.
Meanwhile, other exotic species did not increase their cover over the area, even under these favourable conditions. Nonetheless, the cover values of U. decumbens clearly indicated that repeated treatments are necessary to increase reduction success. Here, clearly topsoil removal may be problematic, as we cannot remove topsoil several times without clearly negatively affecting the ecosystem, including the reestablishing native plants.
While our experiment was thus successful regarding invader control, reintroduction of native species proved to be challenging. Hay transfer and sowing are two of the most satisfactory techniques to reintroduce species in temperate grasslands (Hedberg & Kotowski, 2010; Kiehl & Wagner, 2006; Klimkowska et al., 2010; Knut, Jørn-Frode, Ingvild, Inger, & Einar, 2010; Török, Miglécz, Valkó, Kelemen, Tóth, et al., 2012) . Nevertheless, neither of these techniques increased native species richness in our experiment. Abiotic filters, potentially related to microsite conditions, negatively influence germination and establishment in other grassland restoration studies (Frances, Adams, & Norcini, 2010; Plückers et al., 2013; Tucker, Rothermel, & Daskin, 2017) , and may also have negatively affected the germination of seeds present in hay and those that were sown.
Hay transfer also failed in restoration experiments in tropical mountain grasslands (Campos Rupestres; Stradic et al., 2013) and tropical savanna (Brazilian Cerrado; Pilon, Buisson, & Durigan, 2018) .
This can be a result of unfavourable site conditions for the germination and recruitment of seeds, or of lack of viable seeds in the hay (Stradic et al., 2013 ). As we did not conduct any more detailed analysis or control of germination potential of seeds contained in hay, we cannot affirm which reason was the major cause for the technique's inefficiency in bringing species onto the plots. At any rate, our results, in addition to those of Stradic et al. (2013) and Pilon et al. (2018) , seem to indicate that hay transfer in tropical and subtropical grasslands is a lot less effective than in temperate grasslands.
Sowing of P. notatum, P. guenoarum and A. affinis also was not successful. We used a total of 7.5 g/m 2 of seeds (1.5 g/m 2 of P. notatum and P. guenoarum, and 0.75 g/m 2 of A. affinis in both sowing events). Studies reported good results in restoring temperate grasslands by adding high diversity mixtures with 3.0 and 5.6 g/m 2 of seeds (Goldblum, Glaves, Rigg, & Kleiman, 2013; Jones, Dreyer, & Barret, 2013; respectively) . Therefore, seed quantity should not be the issue in our experiment. But the species sown by us are usually used for fodder production (P. notatum, P. guenoarum) or for lawns (A. affinis) on ameliorated soils, thus soil conditions at our experimental site (dry and stony soils) are likely not adequate. Even increased seed quantities will not guarantee an increase in germination and establishment if there are not suitable microsites available the seeds (Frances et al., 2010) .
Many of the native species established during the experimental period are ruderal, increasing the amount of overall native species richness (results similar to Tucker et al., 2017 (Ferreira, Müller, Boldrini, & Eggers, 2010) , to increase species richness and cover of natural grasses and thus to compete with U. decumbens. However, currently there is no information on germination and establishment of these species (or of other species, for that matter) on degraded, even though some native grasses show high germination rates (Overbeck, Müller, Pillar, & Pfadenhauer, 2006b ).
In the second year of the experiment, some native species appeared in the communities but were not able to restore the dominant species and, consequently, vegetation structure of Campos grasslands. Native species richness was still very low compared with reference grasslands at the nearby Morro Santana hill (mean 33.9 species per 0.75 m 2 ; Overbeck, Müller, Pillar, & Pfadenhauer, 2006a) .
However, these differences in vegetation structure and composition are expected during the first phases of ecological restoration in neotropical grasslands (Pilon et al., 2018; Stradic et al., 2013) . Even in temperate grasslands, at least 3 years of sowing may be necessary to restore basic grass diversity (Török, Miglécz, Valkó, Kelemen, Deák, et al., 2012) . This shows the necessity of continuous management actions and further monitoring to achieve more success through restoration actions. In addition, facing this apparent difficulty in restore tropical and subtropical grasslands, these ecosystems should be a priority for conservation, with effective actions to avoid conversion of new areas (Stradic et al., 2013) .
It would certainly be interesting to try to establish other species, including from different functional groups. However, the lack of commercially available native seeds in our region limits the application of this technique (Overbeck et al., 2013) . Altogether, the knowledge of germination ecology and microsite requirements of native species is scanty for our study region, and clearly research efforts are necessary on this matter to advance restoration. Additionally, other techniques, such as topsoil transfer, which has presented positive results for reintroduction of herbaceous species in Cerrado (see Pilon et al., 2018) , and turf transplants could also be tested. Another key feature to increase richness in ecological restoration projects is time. The observed increment of native species richness per plot be- Native species introduction seems to be the major challenge in Campos grasslands. Hay transfer and sowing show low efficiency in introducing species and helping to control U. decumbens. Additional management actions and more time are necessary to increase species establishment and community recovery. A better understanding of abiotic and biotic filters that act on these invaded grasslands will allow the use of more appropriate methods and thus increase restoration success. Studies on germination and establishment of dominant species of neotropical grasslands is needed to improve seeding success at ecological restoration projects (Stradic et al., 2013) . From an applied perspective, focusing on those native species that showed better establishment success, even under the harsh initial conditions, could be a promising next step in research aimed at the identification of priority species for restoration.
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